Over the last two decades it has been demonstrated that size effects have significant consequences for the atomic arrangements and phase behaviour of matter under extreme pressure. Furthermore, it has been shown that understanding of how size affects critical pressure-temperature conditions provides vital guidance in the search for materials with novel properties. Here we report on the remarkable behaviour in small (under ∼ 5 nm) matrix-free Ge nanoparticles under hydrostatic compression that is drastically different from both larger nanoparticles and bulk Ge. We discover that the application of pressure drives surface-induced amorphisation leading to Ge-Ge bond over-compression and eventually to a polyamorphic semiconductor-to-metal transformation. A combination of spectroscopic techniques together with ab initio simulations were employed to reveal the details of the transformation mechanism into a new high density phase-amorphous metallic Ge.
Introduction
It is well known that size effects at the nanoscale can have significant consequences on the mechanical behaviour and structural properties of materials. These effects result in values of phase transition pressures, transformation paths and conditions of stability of phases all being drastically affected. 1 The phenomenon of pressure-induced amorphisation is of interest from the practical as it provides access to structures with novel electronic, optical and mechanical properties. From the fundamental viewpoint, the phenomenon of high pressure amorphisation enables one to explore thermodynamics and kinetics of transformations in metastable systems and has been extensively studied since early work in the 1980s on Si and Ge by Minomura 10 and on ices by Mishima.
11
It has been shown that low temperatures and/or fast decompression rates can be used to access metastable phases and study crystalline-to-amorphous and low density amorphous (LDA) to high density amorphous (HDA) transitions. Pertinent still, the size effect has been successfully exploited by Mishima to suppress crystallisation and to achieve amorphisation of ice through compression of water emulsion.
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Despite these advances, observing and studying amorphisation in simple systems such as the technologically important Si and Ge has remained a challenge. In these materials pressure-induced transitions are martensitic-like 13 and kinetically-driven in that local atomic displacements are accompanied by nucleation and growth of the new phase and large (∼ 20 %) volume changes. It has thus been a challenge to observe experimentally LDA-HDA transitions in these systems due to the unfavourable transition kinetics that results in amorphous-to-crystalline phase transformations. 10, 11, 14 In the case of Ge, experimental Raman data collected for bulk a-Ge where the metallic HDA phase was assumed to be structurally close to the metallic liquid at the corresponding value of pressure. This is in good agreement with computer simulations for small Si nanocrystals [15] [16] [17] and bulk a-Si. and in nanoparticles (see, for example McMillan et. al. 5, 6 and Garg et. al.
22
).
In this work we show that within a certain size regime the size effect can be harnessed to suppress the the diamond-to-β-Sn transformation in small Ge nanoparticles. Thus, for the first time we conclusively study the amorphisation to a metallic HDA and a polyamorphic transformation between LDA and HDA in a simple nanoscale system.
Results and discussion
Experimental measurements were performed on colloidal suspension of Ge nanoparticles with the average diameter of ∼ 4 nm (with sizes ranging 23 from 2.3 nm to 5 nm). Optical transmission data as a function of pressure can be seen in Fig. 1a . The data clearly show significant changes in Ge band gap at ambient conditions (translucent orange) as compared to bulk Ge (metallic grey, E g = 0.66 eV, 1900 nm). Furthermore, visual observations show the onset of changes in the translucent phase as it grows increasingly opaque after 14.8 GPa, while in bulk Ge the transition to the metallic β-Sn phase occurs around 10 GPa.
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In order to follow structural changes in the semiconducting phase we recorded Raman spectra around the peak corresponding to the zone centre TO-like mode (at around 300 cm −1 ) in diamond-type Ge (c-Ge) structure as a function of pressure. The evolution of the Raman spectrum of the colloidal sample under pressure is shown in Fig. 1b . The Raman peak at ambient pressure is down-shifted (as compared to bulk c-Ge) and shows an asymmetric shape usually observed in nanostructures. This shift and asymmetry as well as an increased peak width as a function of nanocrystal size are generally understood in terms of phonon confinement effects.
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Closer analysis reveals that this peak can be seen up to 17.5 GPa, while the semiconductor-to-metal transition in c-Ge at around 10 GPa results in the loss of the Raman signal.
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Amorphous bulk Ge (a-Ge) can transform at even lower pressures of ∼ 6 GPa Figure 1 : Light transmission and Raman data. a, white light transmission through the sample as a function of pressure. b evolution of the Raman signal and c, comparison of the Raman signal before application of pressure and after pressure release. The Raman signal is lost above 17.5 GPa. The recovered sample shows a broader Raman signal that is also downshifted suggesting an increase in structural disorder. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 pointing to transformation into a metallic state. This scenario is also consistent with the optical transmission and PL data, where the PL signal is lost above 17.5 GPa as seen in Fig. 2b , suggesting closure of the band gap. Both the Raman signal and PL as well as the visual appearance of the samples are recovered on pressure release; however, the Raman signal shows a down-shift and an increased broadening for the recovered sample (see Fig.   1c ) indicating a higher degree of disorder.
Further analysis of the Raman data shows an unusual feature-a highly non-linear pressure dependence of the peak position as compared to the one observed in the bulk material:
see Fig. 2a , where the bulk Ge peak position, extrapolated beyond the diamond-to-β-Sn transition, is also shown. This non-linear behaviour has been reported previously 27 
in porous
Ge in a similar size regime and was attributed to surface-related reconstruction effects. Here we also examined the Raman peak width and found a clear increase in the full width at half maximum as a function of pressure (inset in Fig. 2a) , which suggests an increase in the degree of structural disorder as the pressure is raised. We believe that the observed non-linear behaviour is the combination of two distinct effects: (i) up-shift of the peak under applied pressure due to reduction in Ge-Ge distance and (ii) down-shift due to disorder and increasing contribution from the low wavenumber side of the peak. Thus the peak broadening together with a non-linear pressure dependence point to the gradual amorphisation of the diamond-type structure on pressure increase.
In order to follow the structural evolution of the sample directly to above 18 GPa we extracted information about the short-range order from the extended x-ray absorption fine structure (EXAFS) data. The results of the data analysis are shown in Fig. 3 and compared to previous results for bulk c-Ge 28 and a-Ge.
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The difference in the behaviour of Ge-Ge distance as compared to the previous reports is drastic. We observe no sharp change in the distance throughout the whole pressure range. Application of pressure eventually results in compression of the bond beyond the stability value for the diamond-type c-Ge structure (see Fig. 3a ). This suggests that the proposed metallisation takes place within a local structure 6 the HOMO-LUMO gap and the vibrational density of states (VDOS) was calculated on the relaxed structures using density-functional perturbation theory implemented in the planewave DFT code CASTEP.
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Starting from an ordered configuration allows us to better identify signatures of structural disorder in the experimental data.
Simulations clearly show an onset of amorphisation at around 25 GPa (see Fig. 3d ).
Comparisons of the data obtained from simulations with the experimental results are shown in Figs. 2 and 3. Other than the overestimation of the transformation pressure, which is expected due to the lack of dynamical effects in these simulations and the smaller system size, the observed trends with pressure of the Ge-Ge bond length and coordination numbers and the VDOS peak position (corresponding to optical phonon modes) are all consistent with the experimental data. The same is true for the HOMO-LUMO gap (Fig. 2b) . While it is well-known that DFT in the local density approximation employed here underestimates band gaps, this is not immediately apparent for the very small nanocrystals simulated here due to confinement effects. Still, we expect our simulations to give a correct description of relative trends and qualitative behaviour with pressure (see previous work 32 for a comparison of GW and LDA gaps vs volume for Si). Our HOMO-LUMO data exhibit a sharp reduction in the energy value of the gap but we do not observe gap closure (metallisation) above 25 GPa, again most likely due to the pronounced confinement effects for the small system sizes (∼ 1.4 nm) studied by our ab initio simulations compared to experiments. Indeed, it has been previously demonstrated, 17, 33 that particle size can have a significant effect on the value of the gap for Si clusters under the same pressure loading conditions leading to gap closure as the size is changed from ∼ 1.3 nm to ∼ 2.2 nm. We expect a similar tendency in the H-terminated Ge nanocrystals studied here and indeed simulations of HOMO-LUMO behaviour performed on the larger Ge 181 H 110 nanocrystal of ∼ 2.3 nm diameter (which overlaps with the smallest experimental sizes
34
) fully confirm this and further support interpretation of the optical transmission and of the photoluminescence data (see Fig. 2b ).
Owing to the better level of atomic details of the system evolution that can be obtained 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 from simulations as compared to experiments, we can see that there is a distinct, if only very small, increase in the the average interatomic distance during transformation to the high density amorphous (HDA) state at 25 GPa. This small discontinuity is consistent with the experimental data at around 15 GPa and is accompanied by a small (∼ 5%) volume decrease at transformation (see Fig. 3d ). Thus, both simulations and experimental results show that a transformation into an amorphous phase takes place with relatively small volume jump at transition pressure. In experiment, the transformation follows through LDA-HDA path, while in simulations the path is from c-Ge to HDA.
In bulk Si and Ge systems LDA to HDA transitions are usually interpreted 5, 6 by their relationships to the corresponding liquid-liquid LDL-HDL transitions following the approach proposed by Aptekar 35 and the early experimental work by Mishima et. al.
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Ge is one of a number of solids (including ice and Si) that contract on melting and whose melting temperatures fall as pressure rises. This led to the suggestion by Mishima et. al.
that if such a solid is compressed at a temperature sufficiently low to prevent transformation to another crystalline phase, then for kinetic reasons it may "cold melt" into an amorphous solid on reaching the boundary of absolute instability-a spinodal. The appeal of this thermodynamic approach is in its universality: while equilibrium thermodynamic concepts cannot strictly be applied to bulk amorphous materials and nanoparticles, thermodynamic quantities such as Gibbs free energies can be calculated and guide understanding of transitions in these systems.
5,7,9
From the thermodynamic point of view the similarity in the high pressure behaviour of amorphous Ge, Ge nanoparticles and liquids is not entirely coincidental. All have higher values of Gibbs free energy than their bulk crystalline counterpart, albeit in the liquid this is due to the high temperatures involved, in an amorphous system -due to structural disorder, while in the nanoparticle it is due to the small systems size and the surface energy contribution. It follows, that this higher value of Gibbs free energy in the size-dependent energy landscape of all possible atomic arrangements (both stable and metastable) may 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 lead to the new pathways resulting in novel crystalline-to-amorphous and amorphous-toamorphous transformations.
Despite similarities in the thermodynamic behaviour between LDA-HDA and LDL-HDL transitions, on the atomic level the mechanism of a each pathway is, of course, distinct. This limits the application of essentially macroscopic thermodynamic approaches as differences between various phases are not easily quantifiable and free energies for most part are not known.
This led to the adaptation of a percolation-based approach in the framework of GinzburgLandau theory to describe process of amorphisation in nanoparticles under compression.
9
This approach successfully explains several key features of high pressure transformations in nanoparticles in terms of defect density and particle size. It also predicts prevalence of pressure induced amorphisation in small nanoparticles and shows that crossover should exist from polymorphic transitions to amorphisation as particle size is reduced. However, while this theory does predict correctly the size dependence of transition pressure in larger particles 20 (up from 10 GPa for bulk to 16.4 GPa for 13 nm particles) and crossover from polymorphic to amorphisation regime observed in our experiments with smaller (∼ 4nm) particles, it also predicts a reduction in amorphisation pressure compared to the polymorphic transition pressure.
This is in contrast with our findings. We put the value of the transformation pressure at around 17.5 GPa in experiment and note a tendency for transition pressure to increase further in our calculations as particle size is reduced (see Fig. 2b ). We believe that this discrepancy reflects limitations of mean-field type models to adequately describe the behaviour of small systems where bond and surface geometry can play a significant role. While having an advantage of general applicability to both bulk and nanocrystalline systems, this approach does not take into account details of structural evolution on an atomic scale. Such structural evolution will crucially depend on the motion of surface and interior atoms along the transformation path.
We believe that the amorphisation mechanism we observed can be understood if we look into the details of the structural evolution along the diamond to β-Sn transition path (see 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59Nano Letters   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 a tendency to increase the surface area while the volume is being reduced. In large Ge particles 20 (13-100 nm) this frustration leads to an increase in the transformation pressure and is eventually resolved through sample fragmentation (most likely initiated at defects and dislocations), surface reconstruction and a change in the crystallite shape following the diamond to β-Sn transition. Such crystallite shape change behaviour has indeed been observed in Si nanoparticles.
3 However, when the particle size is reduced below some critical value, the structural change under hydrostatic compression can only take place through a coherent transformation of the whole of the particle. The result is a compromise: a small volume change (see Fig. 3d ) commensurate with the surface reconstruction, all leading to the sample amorphisation. It is at that point that the geometric frustration described above is resolved through transformation into an amorphous metallic phase. Furthermore, analysis of the structural data and of the bond angle distribution in the HDA phase obtained from the simulations (see inset in Fig. 3d ) suggest that the structure of this HDA phase has more in common with the corresponding liquid Ge phase 37, 38 rather than with β-Sn structure.
Thus, we interpret the experimentally observed pressure-induced transformation reported here as a loss of structural stability and gradual collapse into an amorphous state. In the experiment the onset of amorphisation into the diamond-like LDA phase above 5 GPa is driven by the presence of an amorphous surface layer that acts as a precursor by lowering the energy barrier which otherwise stabilises the c-Ge structure up to 17.5 GPa. This surfaceinduced amorphisation is followed by a polyamorphic semiconductor-to-metal transformation into a liquid-like HDA phase around 17.5 GPa. This transformation is accompanied by a gradual increase in the coordination number and further decrease in volume. Experimental data and analysis of simulations suggest that the high pressure HDA phase has more in common with liquid Ge rather than with the β-Sn phase. In ab initio simulations, where a perfectly ordered H-terminated nanoparticle is selected as a representative system, we observe the diamond-to-HDA transformation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Conclusions
We clearly show that the size effect can be used successfully to suppress transformation to the β-Sn phase in Ge, to extend the range of stability of the low pressure structure and to effect a transformation to a metallic HDA phase. Furthermore, we demonstrate a very good consistency between ab initio simulations and experimental data for Ge. This strongly suggests that similar behaviour should be experimentally observed in small Si nanoparticles under compression as predicted by earlier work [15] [16] [17] 33 and in other systems and that ab initio simulations can help to explore this behaviour for realistic system sizes. Our findings demonstrate that nanoparticle size plays a crucial role in the transformation path and can be used to obtain novel metastable phases under compression. From a wider perspective, this work confirms that the phenomenon of solid state amorphisation may be much more pervasive in small nanoparticles than it is in the bulk, offering new opportunities in production of glassy systems (including metallic ones) and in materials synthesis in general.
Experimental
Hydrogen-terminated matrix-free Ge nanoparticles were prepared by slightly modified 23, 34 colloidal route 39 from GeCl 4 . The samples were translucent orange in appearance and showed a wide photoluminescence peak 23, 40 at around 700 nm. The average size of nanoparticles was evaluated by TEM and Raman and was found 23, 34 to be 3.9±0.7 nm. We used a combination of transmission light microscopy, Raman and x-ray absorption spectroscopy (XAS) to follow the structural and electronic changes in Ge nanoparticles under pressure in the diamond anvil cell (DAC). Samples were either loaded into DAC immediately following synthesis or stored in oxygen-free atmosphere to avoid surface oxidation. The usual ruby fluorescence technique was used for pressure measurements. We used methanol-ethanol and silicone oil as a pressure transmitting media to check for possible steric effects. We found no detectable difference between these pressure-transmitting media. X-ray absorption data in a DAC were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 collected in fluorescence detection mode to alleviate the problem of diamond reflections tat are particularly severe in this energy range.
41,42
This approach allowed us to collect high quality data out to 12 Å −1
. In addition to experiments, we employed ab initio simulations using density-functional theory (DFT) as a complementary tool for examining the atomistic details of the evolution of Ge nanocrystals under pressure and the associated changes in their electronic properties.
Ab initio calculations
The structural ab initio calculations were conducted with the linear-scaling DFT code ONETEP, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The VDOS calculations were performed with the density-functional perturbation theory module in CASTEP 45 on the relaxed structures at various pressures obtained with ONETEP.
The calculations were performed at the Γ-point in a cubic periodic simulation cell of side 20 Å (producing 1 nm vacuum in all directions). Fixed occupancies and the acoustic sum rule correction were applied. For bulk Ge in the equilibrium c-Ge structure, the optical phonon frequency was calculated using a mesh of 8 × 8 × 8 k-points to be 295 cm at ambient conditions). The peak corresponding to the TO-like zone center mode of the VDOS, associated with tetrahedral stretching of Ge-Ge bonds, was monitored with pressure and compared to the experimental Raman peak.
Raman and PL measurements
Raman experiments were carried out using a Jobin-Yvon triple monochromator T64000 in subtractive mode, in a configuration including a 1800 grooves/mm grating, a 100 µm slit and a Jobin-Yvon Symphony liquid nitrogen-cooled CCD detector. The total system resolution was < 1 cm
−1
). An Ar-Kr laser (Coherent Innova) was used at 514.5 and 647.1 nm for Raman, the power was kept low using neutral density filters to avoid heating. The high pressure measurements were performed in a co-focal microscope configuration, with a 20× objective and a membrane driven DAC (culet size 500 µm) employing an Inconel 250 µm thick gasket indented to 75 µm with the hole size 150 µm. The pressure transmitting media were methanol-ethanol mixture or hexane. It was found that the pressure transmitting medium did not affect Raman behaviour. The Raman peak position and peak width were extracted by fitting asymmetric Gaussians to the data. Pressure was determined using the standard ruby fluorescence method. PL experiments were carried out using a Renishaw inVia Raman microscope equipped with 473 nm laser. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
X-ray Absorption
High pressure x-ray absorption experiments at the Ge K-edge were carried out at beamline I18 at the Diamond Light Source using a DAC in a set up identical to the one used for Raman data collection. The data were collected in the fluorescence mode to avoid problems with diamond reflections contaminating the x-ray absorption signal. The energy resolution was set to 0.88 eV. Pressure was determined using the standard ruby fluorescence method.
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Page 21 of 26 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Analysis of the Raman data together with the photoluminescence data compared with HOMO-LUMO gap. a, position of the Raman peak extracted from the experimental data (blue circles) together with the maximum of the simulated VDOS (green circles). The data are compared to the Raman peak position for bulk c-Ge (red circles) linearly extrapolated beyond 11 GPa. Inset shows the pressure dependence of the FWHM of the experimental Raman peak. b, pressure dependence of the photoluminescence peak position (blue circles) compared to the calculated HOMO-LUMO gaps for Ge71H60 (green circles) and Ge181H110 (purple circles) hydrogen-terminated clusters. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Structural data obtained from our EXAFS experiments and ab initio calculations compared to previously reported data for c-Ge and a-Ge. a, Ge-Ge average nearest-neighbour distance extracted from EXAFS data in this work (blue circles) and from ab initio calculations (green circles). Previously reported data for a-Ge (black line) and c-Ge (black circles) are given for comparison. The horizontal dashed line indicates the value of stability of Ge-Ge distance in c-Ge. b, mean squared relative displacements of atoms extracted from EXAFS data in this work (blue circles) compared to the previously reported data. c, average coordination numbers extracted from simulations and from EXAFS experiments. d, pressure dependence of the calculated volume per atom. Corresponding changes in the structure of Ge71H60 cluster and the evolution of the bond angle distribution are also shown (grey bars correspond to the β-Sn structure). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Structural evolution in Ge under high pressure Diamond-type Ge structure (a) transforms to β-Sn structure (b) through flattening of the tetrahedral network. The network flattening allows atoms in outer shells (black balls) to be brought closer together (c) in the β-Sn structure to accommodate large volume change. This requires opening of the voids through compression and flattening of six-membered rings (green and purple bonds). Structural evolution of the model Ge71H60 (d) with pressure increase. Evidence of the flattening of the tetrahedral network can be seen (red dashed circle) at 25 GPa (e) and at 50 GPa (f). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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